ABSTRACT The green supplier selection has gradually become a hot topic around the world. To achieve the purpose of optimal decision-making, it is of great importance to process the imprecise and ambiguous information that may exist in the evaluation and selection of green suppliers. In the present article, first, converting the imprecise and ambiguous information into interval-valued Pythagorean fuzzy numbers (IVPFNs) through the Likert scale. Then, using the interval-valued Pythagorean fuzzy weighted average (IVPFWA) operator and multiplicative theory to introduce the IVPFNs into the non-radial SE-BCC model of Data Envelopment Analysis (DEA), we developed the DEA model in the interval-valued Pythagorean fuzzy environment. Later, ranking all decision-making units (DMUs) to be evaluated and selecting the best of them. Moreover, The proposed model can not only deal with the case where the quantitative indicators are interval-valued numbers, but also solve the problem of qualitative analysis in the evaluation process. Finally, a numerical example of green suppliers selection is provided to demonstrate the feasibility and usefulness of the model.
I. INTRODUCTION
In recent years, with the advancement of technology, the economic level of countries around the world has been greatly improved. However, due to excessive pursuit of economic development and neglect of environmental protection, excessive waste, resource depletion and serious pollution, the global environment is deteriorating day by day. In the current fierce market competition that emphasizes the concept of green, efficient and sustainable development, inefficient enterprises that pass the buck and over dependent on the environment will gradually be eliminated. Therefore, enterprises must be based on innovation, enhance their awareness of green and environmental protection, and pursue their long-term development. As the upstream of the supply chain, suppliers will greatly affect the green development efficiency of the whole supply chain, enterprises put forward higher requirements for the evaluation and selection of green suppliers.
So far, many evaluation methods are available for decision makers in the green supplier selection, such as DEA [1] - [3] , The associate editor coordinating the review of this manuscript and approving it for publication was Xin Luo.
AHP [4] , ANP [5] , QFD [6] , TOPSIS [4] , PROMETHEE [7] and other methods. DEA has the advantages of nonparameter, objective weight and discriminating the relative efficiency of multiple DMUs with multiple outputs and multiple inputs, and Pythagorean fuzzy sets (PFS) has the advantages of descriptive fuzziness and uncertainty. By combining the two methods, the decision results can be both objective and subjective in a fuzzy environment, and it has a strong ability to deal with multi-criterion decision-making problems which similar to the green supplier selection.
DEA has become the preeminent nonparametric method for measuring the efficiency of DMUs that apply multiple inputs to produce multiple outputs, and is favored by Decision makers for its non-parameterization and objectivity. Charnes, Cooper and Rhodes [8] proposed the original CCR model. Banker, Charnes and Cooper [9] added a convexity constraint based on the CCR model, proposed the BCC model under Variable Returns to Scale (VRS). However, the traditional CCR model and the BCC model may have multiple efficient DMUs with efficiency of 1 and can't be complete ranked.
Andersen and Petersen [10] proposed a super-efficient CCR (SE-CCR) model in 1993, by making the efficient decision-making units' efficiency scores greater than or equal to 1, excluding the evaluated decision units from the reference set to construct a new production frontier by other DMUs, and reordering the efficient DMUs realized the complete rank of all DMUs. SE-BCC model improved the practicability of DEA. Seiford and Zhu [11] proposed a super-efficient BCC (SE-BCC) model with VRS, but pointed out that the model might be infeasible under the condition of VRS. Based on the research of Lee et al. [12] , Chen and Liang [13] described the reasons why the super-efficient model is infeasible and proposed a modified non-radial SE-BCC model. Gong et al. [14] applied efficiency values provided by DEA, conducted hierarchical regression analysis to examine the influence of socially-responsible and environmentallyfriendly operations, and understood the role of sustainable operations in the supply chain. Sueyoshi and Goto [15] applied the DEA and discussed how to measure the level of sustainability, implying simultaneous achievement of economic prosperity and environmental protection within a unified framework. Lin and Liu [16] explored the relationships based on directional distance function between the optimal value of the super-efficiency model and directions. Lin and Wang [17] developed two priority methods based on DEA for further applications of Hesitant multiplicative preference relations for group decision making.
In order to solve the difficulties caused by fuzzy and uncertainty in the description and evaluation of things, professor Zadeh [18] proposed Fuzzy Sets (FS) in 1965. The core idea is to extend the characteristic function with value of 0 or 1 to the membership function of the unit closed interval [0,1], which is used to describe the degree of fuzziness of elements. With the increasing attention of the academia, the theory of FS has been greatly popularized. Yager [19] , [20] proposed Pythagorean Fuzzy sets, which expressed in the membership degree and non-membership degree to represent the preference of decision makers, PFS is an extension of the Intuitionistic Fuzzy Sets (IFS) [21] . The sum of the membership degree and non-membership degree of the IFS is less than 1, and the sum of square of the membership degree and nonmembership degree of the PFS is less than or equal to 1. Obviously, the PFS is more powerful than the IFS to describe the fuzzy numbers. Although PFS can effectively describe fuzzy and inaccuracy, it is sometimes difficult to express membership degree and non-membership degree with exact numbers. Therefore, Zhang [22] , Peng and Yang [23] proposed the Interval-valued Pythagorean Fuzzy Sets (IVPFS), which applied the interval-valued numbers to represent membership degree and non-membership degree.
Zhang [22] defined the concept of concordance/ discordance index based on the closeness index-based ranking methods, and proposed a hierarchical QUALIFLEX approach based on interval-valued Pythagorean fuzzy multicriteria decision-making analysis. Peng and Yang [23] proposed an interval-valued Pythagorean fuzzy ELECTRE method for solving uncertainty multi-attribute group decision-making problem. Du et al. [24] defined an interval-valued Pythagorean fuzzy linguistic variable set and its related operational laws, and proposed a multi-attribute decision-making method based on aggregation operators. Chen [25] proposed an interval-valued Pythagorean fuzzy outranking method with a closeness-based assignment model for multiple criteria decision-making. Haktanir and Kahraman [26] proposed the house of quality (HOQ) based on IVPFS model and present some novel definitions for determining the position of the company among the competitors. Ding et al. [27] proposed the combination of IVPFS and prospect theory to deal with emergent decision-making. Wang et al. [28] proposed the concept of interval-valued hesitant Pythagorean fuzzy sets for the problem that the representation of uncertain information in hesitant Pythagorean fuzzy environment may be insufficient. Biswas and Sarkar [29] proposed a new TOPSIS-based method to solve multi-criteria group decision-making problem in Pythagorean fuzzy environment. Gul et al. [30] combined PFS with VIKOR method and proposed the PFVIKOR (Pythagorean fuzzy Numbers-based VlseKriterijumska Optimizacija I Kompromisno Resenje) method for safety risk assessment in mine industry. Yang and Pang [31] defined the concept of the hesitant interval-valued Pythagorean fuzzy sets and studied the multi-attribute decision-making problem with hesitant interval-valued fuzzy information. Lu et al. [32] proposed a bidirectional project method of the dual hesitant Pythagorean fuzzy set (DHPFS) to handle the multiple attribute decision-making (MADM) problem under the dual hesitant Pythagorean fuzzy environment. Xiao and Ding [33] proposed a novel divergence measure between PFSs, by taking advantage of the Jensen-Shannon divergence. This is the first work to consider the divergence of PFSs for measuring the discrepancy of data from the perspective of the relative entropy. Wang et al. [34] proposed the generalized Dice similarity measures-based multiple attribute group decision-making models with Pythagorean fuzzy information for selecting the desirable ERP system. Nguyen et al. [35] proposed some new exponential similarity measures (SMs) for measuring the similarities between objects. Using the exponential function for the membership and the nonmembership degrees and hence defined some series of the SMs for PFSs. Wei and Wei [36] presented 10 similarity measures between Pythagorean fuzzy sets based on the cosine function by considering the degree of membership, degree of nonmembership and degree of hesitation in PFSs, applied these similarity measures and weighted similarity measures between PFSs to pattern recognition and medical diagnosis. Yu et al. [37] developed a novel group decision making sustainable supplier selection approach using extended Techniques for Order Preferences by Similarity to Ideal Solution (TOPSIS) under interval-valued Pythagorean fuzzy environment. Garg [38] presented a new linguistic Pythagorean fuzzy set (LPFS), by combining the concepts of a Pythagorean fuzzy set and linguistic fuzzy set, which is a better way to deal with the uncertain and imprecise information in decision making.
In response to the complexity and uncertainty in the actual evaluation and selection process of green suppliers, and the evaluated information may be imprecise and ambiguous, this paper proposes to use the IVPFS for processing. Then, the IVPFNs are introduced into the non-radial SE-BCC model of DEA by using the multiplicative theory and the IVPFWA operator. The model is proposed, all DMUs to be evaluated are completely ranked to achieve the purpose of optimal decision-making. The model can not only deal with the case where the quantitative indicators are interval-valued numbers, but also solve the problem of qualitative analysis in the evaluation process. Not only preserves the subjectivity of decision makers, but also guarantees the objectivity of decision results in a high degree. At the same time, the IVPFS is introduced into the DEA model, which not only extends the application of the IVPFS, but also enriches the knowledge system of DEA. It is helpful to solve the multi-criteria decision-making and efficiency evaluation problems which similar to the selection of green supplier. The research contribution and significance of this paper lies in the combination of IVPFS and DEA and its application in the selection of green suppliers for the first time, which effectively deals with the imprecise and ambiguous information that may exist in the decision-making process while comprehensively considering the subjectivity and objectivity of decision-making.
The rest of the paper is organized as follows. Section 2 introduces the relevant theoretical foundations. Section 3 introduces the DEA model in the interval-valued Pythagorean fuzzy environment. Section 4 applies the DEA model in the interval-valued Pythagorean fuzzy environment for evaluating and selecting green suppliers. Section 5 is conclusion.
II. PRELIMINARIES A. BCC MODEL
Banker, Charnes, and Cooper [9] added a convexity constraint n j=1 λ j = 1 to the CCR model, the BCC model under VRS is proposed. The model is expressed as follows:
Suppose that we have n DMUs to be evaluated, where every DMU j , j = 1, 2, . . . , n, produces the same s outputs in (possibly) different amounts, 
The optimal solution for model (1) is 0 ≤ θ * ≤ 1, and for model (2) is φ * ≥ 1. If and only if θ * = 1 φ * = 1, then the DMU o is called BCC-efficient; Otherwise, it is BCC-inefficient.
B. NON-RADIAL SE-BCC MODEL
Based on the research by Lee et al. [12] , Chen and Liang [13] proposed the following non-radial SE-BCC model (M is a sufficiently large positive number) to deal with infeasible problem.
The optimal solution for model (3) is 0 ≤ β * r < 1, τ * > −1.
C. THE CONCEPT OF PYTHAGOREAN FUZZY SETS
Definition 2.1 [19] , [20] : Let X be a universe of discourse, a Pythagorean fuzzy set in X is given by:
where µ P (x) ∈ [0, 1] denotes the membership degree and ν P (x) ∈ [0, 1] denotes the non-membership degree of the element x ∈ X to the set P, respectively, with the condition that 0
2 is called the indeterminacy degree of the element x ∈ X to the set P.
D. THE CONCEPT OF INTERVAL-VALUED PYTHAGOREAN FUZZY SETS
Definition 2.2 [22] , [23] : Let X be a universe of discourse, then an interval-valued Pythagorean fuzzy setP in X is given
denotes the degree of non-membership ofP, and 0 ≤
The degree of indeterminacy ofP is defined as:
E. THE OPERATIONAL LAWS OF INTERVAL-VALUED PYTHAGOREAN FUZZY NUMBERS
Theorem 2.1 [23] :
F. COMPARISON RULES OF THE INTERVAL-VALUED PYTHAGOREAN FUZZY NUMBERS
Definition 2.3 [22] :
be two IVPFNs, the natural ranking on the IVPFNs is defined as follows:
In the above comparison rule, the degree of indeterminacy is not considered. In order to ensure the integrity of fuzzy information, the strict ranking is given below.
Definition 2.4:
, [e 2 , f 2 ] be two IVPFNs, the strict ranking on the IVPFNs is defined as follows:
G. THE AGGREGATION OPERATOR OF INTERVAL-VALUED PYTHAGOREAN FUZZY SETS
Definition 2.5 [39] :
ω j = 1 be the weight vector of
, then an interval-valued Pythagorean fuzzy weighted average (IVPFWA) operator is a mapping IVPFWA : n → , where
The degree of indeterminacy is defined as:
III. PROPOSED MODEL
In order to obtain the DEA model in the interval-valued Pythagorean fuzzy environment, IVPFNs should be introduced into DEA model through IVPFWA operator. The IVPFWA operator requires the sum of all attribute weights to be 1, therefore all models below contain a convexity con- = [a, b] , [c, d] . The upper and lower bound of the interval-valued numbers are given as constants and are assumed to be strictly positive. Since the input-output indicators are interval-valued numbers, the efficiency score of each decision-making unit is also the interval-valued number.
Despotisa and Smirlis [40] proposed the following CCR model for processing interval-valued numbers, which can be obtained by models (4) and (5) respectively. All data in model (4) and model (5) 
In model (4), the input of the evaluated DMU o is adjusted at its lower bound, and the output is adjusted at its upper bound; while the inputs of other DMUs are adjusted at their upper bound, and the outputs are adjusted at their lower bound. Therefore, the model (4) is advantageous for being evaluated DMU o , and is disadvantageous for other DMUs, so that the upper bound of the efficiency interval of the evaluated DMU o can be obtained.
Contrary to model (4), the input of the evaluated DMU o in model (5) is adjusted at its upper bound, and the output is adjusted at its lower bound; while the inputs of other DMUs are adjusted at their lower bound, and the outputs are adjusted at their upper bound. Therefore, the model (5) is disadvantageous for being evaluated DMU o , and is advantageous for other DMUs, so that the lower bound of the efficiency interval of the evaluated DMU o can be obtained.
Through the Charnes-Cooper transformation and adding a convexity constraint, the dual models of model (4) and model (5) can be obtained, which are represented as model (6) and model (7), respectively.
The optimal solution of model (6) is 0 ≤ θ * 1 ≤ 1, and model (7) is 0 ≤ θ * 2 ≤ 1. Inspired by the above ideas of processing interval-valued number and finding the evaluated DMU o 's efficiency interval, establishing the DEA model in interval-valued Pythagorean fuzzy environment. According to input-oriented BCC model (1), when the input-output data contain both interval-valued numbers and IVPFNs, for the evaluated DMUs, the BCC model in interval-valued Pythagorean fuzzy environment is expressed as model (8) . 
The data in eq. (9) respectively represent the conditions that the membership degree, non-membership degree, and indeterminacy degree should be satisfied when the inputs are IVPFNs. According to the strict ranking of IVPFNs, eq. (9) can be transformed into: (10) After simplification eq. (10), can be expressed as: (11) Similarly, when the output data of model (8) (12) Inspired by the idea of solving the upper bound of the efficiency interval in model (6) , the input of the DMU o should be adjusted at its lower bound, and the output should be adjusted at its upper bound. Therefore, for the efficiency interval expressed by IVPFNs, when processing the upper bound of DMU o , combining with the strict ranking of IVPFNs: The input in eq. (11), membership degree should be adjusted at the lower bound, and the non-membership degree should be adjusted at the upper bound; The output in eq. (12), membership degree should be adjusted at the upper bound, and the non-membership degree should be adjusted at the lower bound. The adjustment principle of other DMUs are opposite to DMU o .
Therefore, the BCC model for processing upper bound of the efficiency interval in the interval-valued Pythagorean fuzzy environment is represented as the model (13) .
The optimal solution of model (13) is 0 ≤ θ * 1 ≤ 1. x, y and z respectively indicate the conditions that the degree of membership, non-membership and indeterminacy should be met when the inputs are IVPFNs; |, } andr espectively indicate the conditions that the degree of membership, non-membership and indeterminacy should be met when the outputs are IVPFNs. { and respectively indicate the conditions that should be met when the inputs and outputs are interval-valued numbers.
Inspired by the idea of solving the lower bound of the efficiency interval in model (7), the input of the DMU o should be adjusted at its upper bound, and the output should be adjusted at its lower bound. Therefore, for the efficiency interval expressed by IVPFNs, when processing the lower bound of DMU o , combining with the strict ranking of IVPFNs: The input in eq. (11), membership degree should be adjusted at the upper bound, and the non-membership degree should be adjusted at the lower bound; The output in eq. (12), membership degree should be adjusted at the lower bound, and the non-membership degree should be adjusted at the upper bound. The adjustment principle of other DMUs are opposite to DMU o .
Therefore, the BCC model for processing lower bound of the efficiency interval in the interval-valued Pythagorean fuzzy environment is represented as the model (14) .
The meaning of each formula in model (14) is consistent with model (13) , and the optimal solution is 0 ≤ θ * 2 ≤ 1. Based on the above analysis, model (13) and model (14) constitute the BCC model in the interval-valued Pythagorean fuzzy environment. Let A j = a L j , a U j (j = 1, 2, · · · , n) be the efficiency interval obtained by each DMU based on model (13) and model (14) .
In order to complete ranking the efficiency interval DMUs, based on model (13) and model (14) , the SE-BCC model (omitted here) in the interval-valued Pythagorean fuzzy environment can be obtained by removing the evaluated DMU, however, the efficient interval and partial efficient interval VOLUME 7, 2019 DMUs may have infeasible problem. In order to solve the possible infeasible problem, based on the model (13) and the model (14) , the non-radial SE-BCC model in the intervalvalued Pythagorean fuzzy environment can be obtained. The non-radial SE-BCC model that solves the upper bound of the efficiency interval of the evaluated DMU o is represented as the model (15) .
The meaning of each formula in model (15) is consistent with model (13) , the optimal solution is 0 ≤ β * r < 1, 
The meaning of each formula in model (16) super efficiency score
, R is the set of β * r > 0. According to the non-radial SE-BCC model (15) and model (16) for solving the upper and lower bound of the efficiency interval in the interval-valued Pythagorean fuzzy environment constructed above, the super efficiency intervals of all DMUs can be obtained. Furthermore, the maximum loss of efficiency proposed by Wang et al. [41] to rank the super efficiency intervals. Definition 3.1 [41] 
are their midpoints (centers) and widths. The maximum loss of efficiency (also called maximum regret) of each efficiency interval A j is defined as:
According to eq. (17), the efficiency interval with the smallest maximum loss of efficiency is the most desirable efficiency interval. Since the maximum losses of efficiency are relative numbers obtained from the other efficiency intervals, the optimal efficiency interval can only be selected from a set of efficiency intervals, but cannot be used to rank all efficiency intervals directly, to generate a ranking all efficiency intervals using the eliminating steps below:
Step 1: Calculate the maximum loss of efficiency of all efficiency intervals, and select the smallest maximum loss of efficiency as the desirable efficiency interval, denoted as A j1 , 1 ≤ j 1 ≤ n.
Step 2: Eliminate A j1 from the consideration, recalculate the maximum loss of efficiency of the remaining (n − 1) efficiency intervals, and determine the desirable efficiency interval, denoted as A j2 , 1 ≤ j 2 ≤ n and j 2 = j 1 .
Step 3: Eliminate A j2 from the consideration, recalculate the maximum loss of efficiency of the remaining (n2) efficiency intervals, and determine the desirable efficiency interval, denoted as A j3 , 1 ≤ j 3 ≤ n and j 3 = j 1 , j 2 .
Step 4: Repeat until the last remaining efficiency interval A jn .
The final ranking obtained through the above steps is A j1 A j2 A j3 · · · A jn .
IV. NUMERICAL EXAMPLE
In this paper, an example containing 26 green suppliers, four input indicators and four output indicators is used to demonstrate the DEA model in the interval-valued Pythagorean fuzzy environment, and the data set is partially derived from Ghoushchi et al. [42] . Input indicators include total cost of shipments (X1), number of shipments (X2), work safety and labor health cost (X3), and eco-design cost (X4). Output indicators include the number of the bills received from the supplier without errors (Y1), number of the shipments to arrive on time (Y2), the interests and rights of employees (Y3), and green management system (Y4). Output indicators Y1 and Y2 are represented by interval-valued numbers; the output indicators Y4 are qualitative indicators, which is divided into 1-5 types through the Likert scale, and then converted into IVPFNs through linguistic variables, the result conforms to the strict ranking of IVPFNs, as shown in table 1. The inputoutput dataset of 26 green suppliers is shown in table 2.
In the analysis of this example, the output indicators Y3 and all input indicators are exact numbers rather than intervalvalued numbers, and the solving method refers to model (1) . Using BCC model, SE-BCC model and non-radial SE-BCC model in the interval-valued Pythagorean fuzzy environment respectively to calculate the efficiency intervals of each green supplier, and then using the maximum loss of efficiency method to rank them, the results are shown in table 3.
According to the calculation result in table 3, the BCC model in the interval-valued Pythagorean fuzzy environment classifies the 26 green suppliers into three categories: efficiency interval, partial efficiency interval and inefficiency interval. The fifteen green suppliers of S1, S2, S6, S7, S8, S9, S10, S11, S14, S16, S17, S19, S21, S22 and S24 are efficiency intervals; the eight green suppliers of S3, S4, S5, S12, S13, S20, S23 and S26 are partial efficiency intervals; the three green suppliers of S15, S18 and S25 are inefficiency intervals. By using the non-radial SE-BCC model in the interval-valued Pythagorean fuzzy environment, the super efficiency intervals of all efficiency intervals and partial efficiency intervals DMUs can be obtained. All DMUs are sorted by the maximum loss of efficiency method, S22 is selected as the best supplier.
The surplus of output Y1, Y2, Y3 and Y4 are denoted as β 1 , β 2 , β 3 and β 4 , respectively. Table 4 shows the reasons why the SE-BCC model is infeasible when solving the upper and lower bound of the efficiency intervals and partial efficiency intervals.
V. CONCLUSION
The green development of enterprises not only represents the protection of the environment and the conservation of resources, but also represents the innovation ability and social image. With the environmental problems becoming increasingly serious, it is urgent to strengthen the green development of every aspect of the production process of enterprises.
This paper proposes to use the IVPFS to process intervalvalued numbers, then apply the multiplicative theory and IVPFWA operator to introduce the IVPFNs into the nonradial SE-BCC of DEA model. The model can not only deal with the case where the quantitative indicators are intervalvalued numbers, but also solve the problem of qualitative analysis in the evaluation process. Not only preserves the subjectivity of decision makers, but also guarantees the objectivity of decision results in a high degree. At the same time, the IVPFS is introduced into the DEA model, which not only extends the application of the IVPFS, but also enriches the knowledge system of DEA. It is helpful to solve the multicriteria decision-making and efficiency evaluation problems which similar to the selection of green supplier.
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